Valence band and spatially resolved x-ray photoemission studies of the Al growth on sexiphenyl films, in both an ultrahigh vacuum (UHV) and in a partial pressure of oxygen, are reported. We show that in an UHV, even for very high coverages, the Al balls up on the organic film and is discontinuous. In contrast, for growth in an oxygen partial pressure, similar to that in standard high-vacuum systems used in organic device production, very thin continuous conducting wetting layers are formed. We suggest that the oxygen acts like a surfactant that allows the high surface free-energy metal to wet low surface free-energy organic films. For devices based around active organic materials, the nature of the interface of the inorganic contacts with the organic film is recognized to be critical to device performance. Much of the work in this area has focused on the band alignment and its role in charge injection with studies predominantly of organics on inorganic substrates.
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1- 4 Less attention has been given to the morphology of the metal contacts grown on organic films. 5 In an earlier work, Auger depth profiles of aluminum/para-sexiphenyl/indium tin oxide light-emitting diodes produced in standard high-vacuum (HV) conditions (ϳ10 −6 mbar) showed that the slower evaporation of Al onto sexiphenyl ͑6P͒ produced better devices and correlated to more oxygen at the Al/ 6P interface. 6 The bulk of the Al films was free of oxygen and the oxygen at the interface was chemisorbed rather than associated with Al 2 O 3 . The better device performance was attributed to the lower work function of the Al with chemisorbed oxygen and the associated better band alignment for electron injection has since been proven. 7, 8 Here, we will show that the presence of oxygen during contact formation is not only desirable on these electronic grounds, but also is vital for the formation of a continuous aluminum contact. It will be demonstrated that even at device relevant thickness, it is difficult to form a continuous conducting aluminum film on sexiphenyl under ultrahigh vacuum (UHV) conditions at room temperature (RT). It will be shown, however, that if a partial pressure of oxygen, similar to that in HV device production, is present during the Al evaporation a stable conducting wetting layer can be formed even at very low coverages. We propose that the oxygen on Al acts like a surfactant which allows the otherwise high surface free-energy metal to wet low surface free-energy organics.
The structures investigated were grown on a 10 mm diameter Al͑111͒ single-crystal substrate ͑Al͑111͒ /6P/Al͒. The experiments were performed in two UHV spectrometer systems with base pressures better than 10 −10 mbar. The valence-band photoemission spectra, excited by a He discharge lamp, were obtained in an ADES-400 angle resolving spectrometer where the sample could be resistively heated or cooled to 90 K. The 6P was evaporated from a resistively heated tantalum boat and the Al was evaporated from a commercial Knudsen cell. For both cases, a quartz microbalance was used to determine the amount of material applied to the Al͑111͒ substrate. The grazing emission x-ray photoemission spectroscopy (XPS) results were obtained at the Escamicroscopy beamline at the ELETTRA synchrotron. 9 The 500 eV photons used in this study were focused with a Fresnel lens to give a spatial resolution of 100 nm and the sample could be rastered to give a photoelectron map of the surface-an XPS peak could be obtained in down to 30 ms. The total electron energy resolution for the C 1s and Al 2p spectra was set to 300 meV.
Similar to Ref. 10 , we have observed only very small effects in the valence-band photoemission with an increasing amount of Al evaporated onto a 6P film at RT. For instance, 500 Å of Al applied to a 100 Å of 6P resulted in essentially only a partial reduction in intensity of the molecules emission features (Fig. 1) . However, if the Al is evaporated onto a film cooled to 90 K, a continuous metallic layer is formed and the only feature that is observed is the Fermi edge of the metal as demonstrated in Fig. 1 (b) for 300 Å of Al. Clearly, the low temperature reduces the mobility of Al on/in the 6P film allowing a covering layer to be formed. This layer is however unstable and, upon warming to RT, the molecular features reappear [ Fig. 1(c) ]. Three possible reasons for the RT behavior are plausible. Either the Al diffuses into 6P, or a layer of molecules migrates over the Al film encapsulating it or, thirdly, the Al balls up on the organic film. Chemical reactions that would promote strong diffusion should be visible as changes in the valence-band spectra. This has, for instance, been observed for alkali metals which diffuse into 6P forming charge transfer complexes with prominent gap states appearing in the ultraviolet photoelectron spectroscopy (UPS) spectra. 11 As no significant changes in the molecular emission features are observed, the chemical interaction of the Al with the 6P is not indicated and interdiffusion is considered unlikely, although a concentration gradient driven interdiffusion cannot be ruled out. It should be noted that also for the converse, 6P on Al͑111͒, no modification in the moa)
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That the Al is indeed on the surface of the molecular film and is not encapsulated by a molecular monolayer is proven by the adsorption of oxygen. As shown in Fig. 1(d) , exposing the sample to oxygen leads to additional features in the valence-band spectrum in the region of 6 to 9 eV below Fermi level ͑E F ͒. This is the region where the strong O 2p emission features of oxygen chemisorbed on clean Al are observed. It should be noted that the exposure of the 6P film [of Fig. 1(a) ] to oxygen prior to Al evaporation led to no spectral changes as oxygen does not react with the molecule and the molecular film seals the Al͑111͒ substrate so that oxygen does not react with it either. The chemisorbed oxygen has thus provided a clear marker for the presence of the metal that must have severely balled up on the surface of the organic film. There is no evidence that the oxygen chemisorption changes the Al island morphology as the molecular features (2 -5 and 9 eV below E F ) have not changed significantly in intensity, indicating that the amount of bare organic film is unchanged.
However, if the Al is evaporated in a background pressure of oxygen, the organic film is completely covered even at low Al exposures. Figure 2 shows the effects of the evaporation of 30 Å of Al in an oxygen background of 1 ϫ 10 −7 mbar at 90 K. Although a factor of 10 times less Al has been evaporated compared to the amount employed in the UHV evaporation, no molecular features are observed and only the O 2p emissions are visible. Clearly, the organic film is now completely buried. As can be seen in Fig. 2 , this thin wetting inorganic film is unchanged upon warming to RT and indeed it was observed to be stable for a month in an UHV.
Above, it has been shown that reasonably thick films of Al do not form continuous metallic films when evaporated in UHV conditions. We now consider the situation for films of device relevant thicknesses with spatially resolved XPS. The experiments were performed on a thick film of 6P grown on Al͑111͒ onto which Al was evaporated at RT. A shutter in front of the sample allowed one-third of the sample had no Al evaporated on it, one-third exposed to 7 min of Al with the final one-third exposed for 23 min. These exposures, nominally 500 and 1600 Å, lead to Al films thick enough to be visible to the naked eye as bluish and a metallic film, respectively. C 1s and Al 2p XPS spectra were taken as a function of x-ray exposure time at various points over the sample. Irrespective of whether the area probed was exposed to Al or not, the C 1s feature initially appears at 286.2 but shifts to 284.7 eV in a matter of minutes under the x-ray beam. The latter is a typical value for graphitic carbon and signifies the destruction of the molecule under the x rays making the 6P film locally conducting while the former value is a result of charging of the thick 6P film. As illustrated in Fig. 3 , the Al 2p feature first appears at 73.9 eV [ Fig. 3(a) ] but shifts and becomes better resolved with x-ray exposure, finally appearing as a doublet at 72.8 and 73.2 eV [ Fig. 3(b) ]. The final binding energy position and splitting is identical to that obtained for the clean Al substrate spin-orbit split Al 2p 3/2 and 2p 1/2 features. Similar metallic feature shifts can be found in literature in XPS series following the growth of metal on organic films and have often been interpreted in terms of chemical shifts: 13, 14 At the initial stages of growth a chemical reaction is concluded while at high metal exposures a metallic layer is formed. The equivalent argument here would be that the evaporated Al has reacted with the organic and a photochemical reduction occurs under the photon beam. We believe that the initial high binding energy value is not a result of a chemical reaction with the organic film (as mentioned above, no chemical reaction is indicated in the valence-band spectra) but is rather an effect of charging of the Al isolated clusters electrically floating on the thick organic film. The evolution to the metallic binding energy is due to the elimination of charging because of the transformation of the organic film under the probed area with x-ray exposure to a local graphitic conducting contact. That the 73.9 eV peak [ Fig. 3(a) ] is not a chemically shifted peak but merely the feature due to metallic Al shifted to higher binding energy by charging is also born out by using oxygen chemisorption; upon exposing the surface to oxygen, the Al feature is made up of the original Al peak at 73.9 eV and a chemical shifted component at 76.7 eV (not shown). On longer exposure to the probing x rays both features shift simultaneously by 1.2 eV to lower binding energy. Their final values of 75.5 and 72.8 eV are what is expected for an oxidized surface Al and clean bulk Al, respectively. It is thus concluded that even for very high Al exposures in an UHV, the metallic film is made up of discontinuous metallic islands. The entire sample surface was then exposed to a relatively small amount of Al evaporated in a background pressure of oxygen; 2 min of Al evaporation in 4 ϫ 10 −7 mbar of oxygen plus 2 min while the oxygen was pumped away. As can be seen in Fig. 3(c) , which has been taken on a previously unexposed spot, the Al shows no evidence of charging and the 2p feature appears at its correct metallic position. It is thus concluded that the presence of oxygen during metallic contact formation promotes the formation of a metallic wetting layer.
That the metal does not wet the organic film when evaporated in an UHV but does in the presence of an oxygen ambient has its reciprocal relationship in 6P growth experiments on Al. In these, it has been found that a densely packed wetting monolayer of sexiphenyl molecules oriented parallel to the surface forms on clean Al͑111͒. 7, 15 If however a chemisorbed oxygen layer is present on the Al surface, the molecule loses its affinity to the surface and islands of upright sexiphenyl are formed. The behavior can be understood in terms of simple surface free-energy arguments. For 6P to grow layer by layer on Al requires that the surface free energy of Al ͑␥ Al ͒ be larger than that of 6P ͑␥ 6P ͒ and the interfacial energy ͑␥ 6P/Al ͒, i.e., ␥ Al Ͼ ␥ 6P + ␥ 6P/Al . This inequality holds, the aluminum surface free energy is 1. 17 Naturally, this inequality also implies that Al will form three-dimensional islands on organic surfaces as demonstrated here. As the Al surface energy value is typical for most metals we suggest that the balling-up of metals on organic surfaces is probably common. The results with chemisorbed oxygen, i.e., 6P not wetting Al with chemisorbed oxygen on it and Al evaporated in an oxygen environment wetting the 6P surface, indicate that the presence of oxygen must lower the surface free energy of the Al to a value near that of the organic film. It is thus suggested that the oxygen is acting as a surfactant in a manner similar to adsorbates and background gases used in metal-on-metal epitaxy. 18 Finally, we point out that although we conclude that oxygen acts favorably as a surfactant for Al contacts in device production, it may not be efficient for other metals. It is thus suggested that a systematic search for suitable surfactants for other metals is worth undertaking. If successful, the greater choice of contact materials made available could open the way to engineering the band alignment.
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